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NOTATION 
A constant, undefined in terms of physical parameters 
Drag coefficient 
Body chord length 
Drag or resistance 
Drag for zero cavitation number 
Strength of vorticity distribution 
Length of cavity measured from body leading edge 
Length of cavity measured from body trailing edge 
Strength of source distribution 
Local static pressure 
Cavity pressure 
Pressure on the body 
Static pressure of stream at infinity 
Denotes ‘‘the real part of?’ 
Mathematical parameter, undefined in terms of physical parameters 
Maximum thickness of wedge profile 
Dummy variable 
The zx-component of the velocity on the cavity 
The z-component of the velocity on the body 
The uniform velocity at infinity, parallel to the z-axis 
The z-component of the disturbance velocity, ¥ 


The x-component of the disturbance velocity on the body which is 
induced by the cavity source distribution. 


The a2-component of the disturbance velocity on the body which is 
induced by the body source distribution. 


The velocity of the fluid at any point in the flow field. 


Ye 


Yo 


ili 


The local disturbance velocity, V =U). 

The y-component of the disturbance velocity 

The y-component of the disturbance velocity on the cavity 
The y-component of the disturbance velocity on the body 


A space coordinate, in the direction of the plane of body symmetry 
and parallel to U_ 


A dummy variable 


The distance from the body trailing edge to position of maximum 
cavity thickness 


A space coordinate, orthogonal to the x-direction and to the plane 
of body symmetry 


Semi-thickness of the cavity 


Semi-thickness of the body 


Wedge profile half angle 
Fluid density 
Cavitation number 
Dummy variable 
Velocity potential 


Dummy variable 
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ABSTRACT 


A linearized theory is developed for steady, two-dimensional cavity flows 
about slender symmetric bodies. The theory is applied to the cases of zero and 
nonzero (positive) cavitation numbers. It is shown that, for the case of finite 
cavities, the linearized theory avoids the necessity for choosing an artificial cav- 
itation model as must be done in any exact theory attempts. The problem of calcu- 
lating cavity shapes and drags for arbitrary slender bodies is reduced to one of 
quadratures. As an example, calculations are made for the family of wedge profiles 
and results are shown to be in good agreement with ‘‘exact’’ theory results for suf- 
ficiently slender bodies. In particular, the example demonstrates that the linear- 


ized theory is a valid first order theory. 


INTRODUCTION 


The problem of practical importance being considered here is that of finding the flow 
characteristics, and in particular the cavity shape and body drag which result when a two- 
dimensional body, symmetric with respect to the flow direction, is immersed in a uniform, in- 
finite, steady stream for which it is assumed that cavitation occurs for a certain sufficiently 
low fluid pressure. The slender body is considered to be of almost arbitrary shape, it only 
being specified, for the sake of reality, that the body not be of a shape such that the velocity 
at any forward point on the body exceed that at the cavity separation point. It has been found 
experimentally that the flow about a cavitating body under the above circumstances involves 
a trailing cavity of essentially constant interior pressure whose length is dependent upon that 
pressure and that Froude and Reynolds effects are very often of second order of importance. 
The pertinent hydrodynamic problem which might be expected to have a physically meaningful 
solution would be stated thus: To find a (or the) closed (in the finite plane or at infinity) 
symmetric streamline(s) whose foreshape is given and on whose after part (called the free 
streamline) the flow velocity or, equivalently, the fluid pressure is a given constant, the flow 
field exterior to the symmetric closed streamline being time independent, irrotational, incom- 
pressible, and single valued. Mathematical investigations of this problem have led to the fol- 
lowing important result: Only in the case where the streamline is closed at infinity (called a 
Helmholtz flow) does a solution to the above problem exist. The existing solution is unique 
and for it the velocity on the free streamline must equal the velocity of the uniform stream at 
infinity. Birkhoff* has called the nonexistence part of this result Brillouin’s Paradox. The 
fact that the flow conditions at the rear of a finite cavity are not ideal as described in the 


problem leads to a resolution of the paradox. 


Ipeferences are listed on page 20. 


In order to obtain, then, some information about finite closed cavities, which are known 
to occur physically, it has become necessary to investigate not the problem set above, but 
approximations to that problem involving the so-called finite cavity models. The prominent 
models are those of Riabouchinsky and Wagner,! their justification being that the nonideal- 
ness of the flow at the near of the cavity may be approximated quite roughly while reasonable 
results may still be obtained for the drag of the body and the shape of the forepart of the cav- 
ity. The fact that the two different models lead to almost identical results for body drag? lends 
considerable force to the justification argument. 

At the present time, the use of neither cavitation model allows even an approximate 
solution to be obtained for an arbitrary body; solutions for even those simple bodies treated 
are obtained at the expense of (relatively speaking) considerable labor. Because of these 
reasons it seems appropriate that a suitable linearized approximation to the exact problem be 
discussed. The discussion must thus be limited to the case of slender bodies, but these are 


bodies of great practical interest. 


THE LINEARIZED THEORY 


The history of attempts to solve hydrodynamic problems by means of linearizing assump- 
tions is about as old as the history of mathematica] hydrodynamics. The linearization of both 
equations of motion and boundary conditions is, for instance, essential in a great part of the 
classical theory of waves. Probably the first discussion of a linearized theory of flow past 
a practical configuration was given by J.H. Michell in 1898 in his now famous analysis of 
‘The Wave-Resistance of a Ship.’’? Michell made, as a matter of fact, linearizing assump- 
tions very similar to those which are made in the present paper on cavitation flows. Despite 
certain similarities between the problems, the present method of solution does not resemble 
that of Michell who used a Fourier series development. Here the boundary conditions are sat- 
isfied by making use of a suitable singularity distribution. The integral equation that results 
and which must be solved for the determination of the suitable singularity distribution is iden- 
tical with that which occurs in the linearized theory of lifting airfoils. This theory was ap- 
parently first suggested by L. Prandtl about 1918.4 Certain results of the thin airfoil theory 
and in particular the inversion formula of A. Betz (19 19)° for the important integral equation 
will be utilized. 


Consider the flow schematically illustrated in Figure 1 and let 
V = Velocity of fluid at any point in the flow field = U, +V 
V = Perturbation velocity 
u,v = and y components, respectively, of Vv 
U = Uniform velocity at , parallel to the a-axis 


U ,= Component in z-direction of velocity on cavity wall = U,, + u(z, y,) 


p = Local static pressure 
P,, = Static pressure of stream at infinity 


P, = Cavity pressure 


P, = Pressure on the body 
Poo wiPe 
o = Cavitation number = 


Suz 
p = Constant fluid density 
¢@ = Perturbation velocity potential such that V=V¢ 


Uno 
> > Xx 
Slender Body 
x =-C x =0 x= 1 
Figure 1 - Schematic Cavitation Flow 
On the solid boundary the streamline slope is specified 
Ao (py — _2(%) Yo) _ V (2, Yo) fi NG) eG) ea oe [1] 
dx U,, + u (2%, Yo) U, wa U, 


Where the velocity U, has been used as a nondimensionalizing factor because theoretical and 
experimental results indicate that the velocities on the cavitating body are nearly proportional 
to U,. This fact has led to the statement of the ‘principle of stability of the pressure coeffi- 
cient.’’ (Reference 1, page 66). 

On the cavity wall the static pressure is specified as constant = p, or, equivalently, 


the cavitation number o is specified. From Bernoulli’s equation it follows that 


1 3nem) Gay 0. v(a, Ye)? 

= ii. } = al -1) +0(Se%) [2] 
From the Cauchy-Riemann equations it may be inferred that the perturbation velocity 

changes very slowly in space if streamline slopes and curvatures are small, so that some justi- 


fication exists for satisfying the linearized boundary conditions on the z-axis instead of on the 


slender body. At this point it is not profitable to attempt further to justify the linearization 
but rather to throw the burden of the justification upon a comparison that will finally be made 
between exact and linearized theory results for particular cases. 


The linearized boundary conditions are 


dYo v(x. 0) 
x = I 
7B (x) U, c<x“r<o0 [la] 
= au ,0) 0<a<l [2a] 


Finally, then, the linearized problem may be stated: To find a harmonic function 
p(z,y), Symmetric with respect to the z-axis, whose gradient in the limit vanishes everywhere 
on a circle of sufficiently large radius about the origin, which satisfies the mixed boundary 


conditions illustrated schematically in Figure 2, and which satisfies the additional condition 
that 
l O¢ 
ie dy (2,0) dx =0 


The last condition assures that the body be closed, since 


dYo . i 6 
The mathematical meaningness of the problem is not known a priori, but becomes clear as the 


solution is constructed. 


Figure 2 - The Linearized Boundary Conditions 


A distribution of sources of strength m(x) along the z-axis for —c < x < J produces a 


harmonic function with the proper symmetry. 


i ' ' 
(x,y) = oe) near ae where r= [( — x)? + y?] [3] 
106 Lo me VMeaalce [4] 

ua) = Oe | Dred. (@= x)? Saad 


v(x,y) = = = :, i" Cae y7] da [5] 
It may easily be shown that 
(eo) = ff ide [6] 
and, using the substitution tan p = 2 ; a 
ee) ne 7] 


For the integral in Equation [6] Cauchy’s principal value must be taken. This is true 
for all improper integrals appearing in the present analysis despite the omission of specific 
symbolism to that effect. 


The mixed boundary conditions on the z-axis will be satisfied if 


m(x) = 2U, ats (2) c<u<0 [8] 


d 


and 


Oh) yo 20 
iI 0 2U, qx’ (& ax les l m(a')dx’ nm U,.0 pees [9] 
Qn}, (x—2') 2rJo («—2') 2 m 


where Equation [8] has already been incorporated in Equation [9], which is an integral equation 
for the remaining unknown part of the source distribution. The problem may then be reformu- 
lated: To find m(#) such that 


Oy» 90 
i (x—2’) = noU,,— 2U, , (@=®) = f(x) [9a] 


and 


Ue Tene, Q ODtn 7 tn. 0 
| m(x)ax' = — 2u, “2 («') dx’ = — 2U,y(0) [10] 
0 =@ dx 


THE THIN AIRFOIL THEORY AND THE JUNCTURE CONDITION 


Equation [10] requires that the sum of the distributed source strengths be zero or, 
equivalently, that the body be closed. Equation [9a] has the form of the fundamental integral 
equation of the thin airfoil theory® where m(x’) would there by replaced by (in Glauert’s nota- 
tion) k(x’) which is the strength of the distributed vorticity and where f(z) depends upon the 
shape of the airfoil camber line and the airfoil angle of attack. That problem of the thin air- 
foil theory which is entirely equivalent to the present problem would be stated: To find a dis- 
tribution of vorticity in the interval 0 < 2 </ such that the streamline shape in the vicinity of 
that interval coincides with the shape of the airfoil camber line and such that the lift on the 


airfoil 
(oU.[- k(o')de’) 


is equal to a certain prescribed value. 

Now it is a well-known result of both the exact and thin airfoil theories that the airfoil 
shape and attitude being known, a flow may be found such that the airfoil lift assumes any 
prescribed value. Thus the thin airfoil problem stated above and, equivalently, the linearized 
cavitation problem (Equations [9a] and [10]) always have a solution. This result is somewhat 
paradoxical, since according to our physical experience the lift on an airfoil of particular 
shape and attitude is quite well determined, and for a given cavitating body there seems to 
exist a nonarbitrary correspondence between cavity length and cavitation number. In the case 
of the airfoil the paradoxical result is due entirely to an oversimplification of a physical na- 
ture (it is not due to the linearization) and is resolved by invoking the Joukowsky condition 
that the flow leave the trailing edge smoothly, which in the thin airfoil theory takes the form 
of a further specification that the vorticity strength vanish at the airfoil trailing edge. 

In the case of the cavitating body the paradoxical result is due entirely to mathemat- 
ical oversimplification introduced with the linearizing assumptions. That the linearized form 
of a cavitation type boundary value problem may have a solution although the solution does 
not exist for the exact form of the same problem is easily demonstrated by introduction of the 
following problem: To find a closed body, symmetric with respect to the flow direction, and 
of such a shape that the pressure is everywhere constant on the body surface. Now it follows 
from Brillouin’s Paradox that such a body does not exist, and yet it is easily shown that a 
linearized solution exists and that, in fact, elliptic cylinders are the bodies sought. To speak 


very loosely, the linearized theory produces some approximate solutions which almost, but 


not quite, exist in an exact sense. These false solutions must be eliminated from considera- 
tion, and this may be done in the case of the cavitation problem by adding the following ‘‘junc- 
ture condition.’’ 

The flow at the body-cavity juncture must be ‘‘smooth,’’ or, more specifically, the 
slope of the cavity must be continuous with the slope of the body. In the analysis that fol- 
lows, this condition will be enforced by eliminating those linearized solutions for the cavity 
source distribution which ‘‘blow-up’’ at the juncture. The paradoxical result that had at first 
appeared will thus be resolved, and, as in reality, a nonarbitrary correspondence between cav- 
ity length and cavitation number will be obtained. 

The admissible linearized flows that remain still exist in contradiction to the Brillouin 
Paradox, for they are flows about closed bodies with constant pressure afterparts. Their ex- 
istence is explained by pointing out that the linearized theory is invalid near the end of the 
cavity where the cavity has roughly an elliptical shaped trailing end, and the real flows cor- 
responding to the linearized flows do not, of course, have constant pressure there. 

It is to be emphasized that the use of linearized theory makes unnecessary the selec- 


tion of a specific finite cavity model. 


THE GENERAL SOLUTION FOR THE SOURCE DISTRIBUTION AND CAVITY SHAPE 


The solution of the integral Equation [9a] for the cavity source distribution is (see 


Reference 5, Table of Singular Integral Equations and their Solutions) 


ayo 
2U, dt 
l Of a pa? c 
m (x) ~ ee ea I Se eo we Jax se 11] 
ii 


a Va(l—<2) bs (G0) 


To satisfy the juncture condition it is necessary that the term in brackets in Equation 


{11] vanish at 2 = 0, 1.e., 


y, do dt 


Yee) ee, Caine ih 
+ Pom mwoU. ax =i ol aie: aa) = 0 [12] 


so that 


ot 
|e wee Oe Ted 
a) nro U., -| | ax [13] 


(@) = w?Vi—x \Jo Vx’ (x — (a’ Ss 


or, using Equations [32] and [33] of Appendix 1, Part A 


a U,, Va Vic dY, vli—t [13a] 
lp Gi So | 2u, G=niee 


m(«2) = — 


The cavity shape may now easily be found, since 


Ye (2) = y(0)+ | Be ax = yq(0) + sa |, morax 
eal °du, Vi-t a RS abs 
& vel) ~w(0)= — 308 |, Yo jw (St lh Were 


Y_ (x) — yy (0) = — 


o U.. =i x a = 
3U, tan == Vz Vi-«x 


[14] 
2 (° dy — Iain V5 x(t 
i pot 0) e/a <i 
TJ, at Vat as 2 ian a a: 
where Equation [30] of Appendix 1, Part A, has been used. 
In order that the cavity be closed, Equation [10]: 
I 0 Vi— 
OO = ee ee Apevia eer, (15) 


2U, 2 -c dt v-t 


But 


Sis 
\ 
—" 
+ 

rola 


So that (for a given body) the unique relationship between the cavitation number and 


cavity length is finally obtained: 


ae 0 a WEE. a [16] 


Equation [16] may be used to simplify Equation [14] 
(of esl x 
= | es Vz Vi— 
y-(«) ; ea pouve vbNe 


[14a] 
dt 


=F lz. 1 | DO Gp. =u VCS) 
x 2 _ _o Ge a x(t—1) 


or 


V3 V1 2 & yil= 2) 

(x) = x | z\+2 - tan dt 

os x(t—l) Ute 
The first term on the right of Equation [14b] represents an elliptical shape of length 


o 


Z and fineness ratio 


The contribution of the second term is largest just behind the cavitating body, and becomes 


small at the rear of the cavity. For small cavitation numbers the after shape of the cavity is 
very nearly of elliptical shape. The cavity then has the shape shown schematically in 


Figure 3. 


Contribution from Second Integral 


Ellipse of Length Lb and 
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Maximum Thickness 


Bl) 


Cavity Shape 


Figure 3 - Cavity Shape for Small Cavitation Numbers 


The position of maximum cavity width is obtained at the position where the cavity 
source strength is zero. From Equation [13a] 


Gor Ga, Valiant 


2U, Jc dt Y—t¢(x—2) 


where ¥(z) is the maximum cavity width. Using Equation [16] it may then be shown that 


5 =@ <8< ; [14c] 
and 
= ol 
ie == [144] 
4 (1 ate 5) 
For small values of a, it may be shown, using Equation [16], that 
0 
g20 We yi [16a] 


To j_-dt VY—t 
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THE CALCULATION OF THE CAVITATION DRAG 


If the drag of the cavitating body is D, then 


ON ROD eA 3 8 ie) (Wy 00)) 
D= Apes Pe) Gy at p[U, +» | Be ie we at (17) 
Equation [17] may also be written 
eee | (22 Uy— U.\ dy 
D = p(U. 7) [Fe —| = ) vs, | dt [17a] 
After linearization, Equation [17a] becomes 
0 
inne = 200] | u(t,%) — AN, v) | va [17b] 


But 


u(t,Y) = Uy =o(t, Yo) ar We ltr Yo 


where Us) is the z component of that part of the disturbance velocity on the body 
which is induced by the body source distribution, and u,_)(¢,y,) is the 2 component of that 
part of the disturbance velocity on the body which is induced by the cavity source distribution, 
thus: 


0 
d 
D=- 2U.) [oo tr) Choa (nh) = u(tyy.)| ae dt [17¢] 
= 
It is easily shown that coe (bY) ae —dt=0 
Ole. 
so finally, remembering that u(t,y,) = 9 
oU.. 0 d 
D = 2U, is y)(0) — ie te -o( tsYo) mane ar} [17d] 


The integral on the right hand side of Equation [17d] is easily determined from Equa- 
tions [6] and [11], using Equations [31] and [34] of Appendix 1, Part A: 


11 


OR Ue 
Sodt Ve 


le oy, WM ae. te-o(t)dt = oU,Un49(0) ~ UU, 


[18] 


2 
eae > eH oa 


So, finally, using the result of Appendix 1, Part B: . 


D ° dy, Te 21 dy dt z 
= 20V1+ + [f a Ce 
Toa a Gl) Maps ier Ge oe = (a @) nie WG [19] 


For small a, it may be shown, using Equation [23b], that 


De 
i = T °(1+0) [19a] 
= NOL Use 


This result is in close agreement with exact calculations for two-dimensional flows 
based on the re-entrant jet (Wagner) model,?*” and, incidentally, with body of revolution drag 


measurements, 8»? 


TRE INFINITE CAVITY CASE (c= 0) 


The case when the cavity is infinite and the cavitation number zero (necessarily) is 
of particular interest since it has been the subject of many theoretical investigations. It is of 
interest to see whether certain results of exact theory are also obtained in the present investi- 
gation. 

The source distribution for the infinite cavity is given by: 


ah 
2U. 


m(x) = [20] 


a late: 
te = ae 
This result was obtained by a solution of the appropriate boundary value problem for o = 0 
and is identical with the result obtained by taking the limit as o > 0 in Equation [13a]. 
The shape of the infinite cavity is easily found from the source distribution, Equation 


[20], in the same way as the finite cavity shape was found from Equation [18a]: 


Vx [ dy, at BAY diy ca x 
Ee eran iota y=e teal. ae. 8 
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The asymptotic cavity shape is given by 


iis ay (a) BY con ale 
; Mole) | St ee [29] 


Pe Fle ae Se 
It is to be noted that it has been shown (Reference 1, page 51) that the two-dimensional 


cavity must have this asymptotic form, 1.e., 


lim 
eens Y, (x) 


= A constant which is a function of the body shape 
i 


The cavitation drag may be found in the same way as it was found for the finite cavity 


case. The result is identical with that obtained by taking the limit of Equation [19] asa-0. 


0 2 
Daas 2 Bfi(* dowdy (29 
Le 7 J/-¢ at Visa 
2 oo 


But, by using Equation [22], the drag may be written in terms of the asymptotic cavity 
shape 


D af lim y (x)7? 
= Fla» | [23a] 


IL 2 teat Ay 
Bae 

This is precisely the formula given by Levi-Civita (Reference 1, page 51) for the drag of a 
symmetric body with infinite cavity. That this result has been obtained is an important justi- 


fication for the linearized theory. 


THE SLENDER WEDGE. COMPARISON WITH EXACT THEORY 


In order to evaluate further the meaningness of the linearized theory for cavitating 
flows it is of interest to use it to examine some characteristics of flow about a configuration 
which has also been treated using more exact theory. Such a flow is that about the wedge 
profile which has been discussed in detail for zero cavitation number, 10 and which, for nonzero 
cavitation number, has been discussed through the use of the Riabouchinsky 1 and the 
Wagner? models. 

Consider a wedge of chord length c, maximum thickness 7, and a half angle y, as shown 


in Figure 4. 


U co 
od T 
isan Figure 4 - Wedge Profile 


eae 


13 


The application of Equations [21], [22], [23c] and [16], respectively, to the wedge 
flow yields the following linearized theory results: 


Ze stanne ls 2y -11/¢ = Cm 
o=0: Uva igt [ (e+e) tan y= + Vic — | [24] 
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Pf a Ree [25] 


Z D 8 
ar (GH Dee lips Memes TE 
2 0: D 1 y2t 1 [26] 
Qi PS 19 
4y c C C 
0: SE Ea ee ee f5 veal =| 
G> +2 S| ; 1 ; + log fi a NS [27] 


The application of exact theory results!° for o = 0 yields: 


y, (exact) =y, (linearized) + O (y*) 


lim y. (x) in i 
o=0e | 4 pleco (exact) = 7 +0 uagt 


(linearized) + O (y’) [28] 


(C, Weeseiets)) = (C5 (tineaisizecl =O (p2) 


XL 


The exact result for the drag coefficient is plotted in Figure 5 together with the linearized 
result, Equation [26]. The linearized theory result for the finite cavity length, Equation [27], 
is shown in Figure 6 together with the result, as calculated by Plesset and Shaffer! using the 
Riabouchinsky model. The finite cavity’s maximum diameter as approximated by Equation 
[14d] is plotted in Figure 7 together with the results of the Plesset and Shaffer calculations. 


SUMMARY AND CONCLUSIONS 


1. The linearized theory is a meaningful first order theory for calculating flow character- 
istics about slender two-dimensional forms for positive cavitation numbers. The justification 
of this conclusion lies in the following results: (a) In the case of wedges at zero cavitation 
number the linearized result for cavity shape and drag actually is the first order term in an 
expansion in powers of the wedge angle, (b) for arbitrary bodies at zero cavitation number the 


same asymptotic cavity shape is obtained according to both the linearized and exact theories, 
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Figure 5 - Cavitation Drag Coefficient for Wedges, o = 0 
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Linearized Theory 
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Figure 6 - Cavity Length as a Function of Cavitation Number for a 30-Degree Wedge 
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Figure 7 - Maximum Cavity Diameter as a Function of 
Cavitation Number for a 30-Degree Wedge 
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and the identical relationship between asymptotic cavity shape and body drag is obtained, 
and (c) for finite cavities behind wedges the shape of the cavities according to the linearized 


and Riabouchinsky model theories are in good agreement. 


2. The use of the linearized theory obviates the necessity for choosing a finite cavity 
model. The linearizing assumptions, themselves, permit a meaningful closed cavity solution 


to be found. 


8. The use of the linearized theory reduces the problem of calculating cavity shapes and 


drags for arbitrary slender bodies (and positive cavitation numbers) to one of quadratures. 
4, The shape of finite cavities behind slender bodies is, according to the linearized the- 
ory always essentially elliptic, the slenderness of the ellipse being a function of the cavita- 


tion number. 
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APPENDIX 1 
A. USEFUL INTEGRALS 


Certain useful results which can be obtained in a straightforward manner are stated 


below: 
Let 
x 
I (eee se = ava doe 
0 Vs—ax2 (x—@ ) 


and let R denote ‘‘the real part of’’. Then 


I (2's, X) = 2 sin’ yx 


[29] 
i _(VX— vz") (V8s=X Vs—x'+s+ YK vz") 
8 (Wx tva) (VS=xK Vs=a" +8 — VX Va") 
(yor n'< 0) et 9.) Be 
[30] 
A) Ch 4+ Seats eV Ia ee ail / Q 
aie | 2 2 esa st+VYs—X Vst|z'| 2 lal) 
ca i =, T for s >2z'>0 
(2;s,8)= 7+ R/VES im] = n (1-22) for n> s [31] 
or a <0 
8 Vs=x O U 
Je SIG S85 658) = a (Jor 8> @°s0) 32 
0 Va (x'— x) 
eal! dx pa 2 [1-2 58) -106-45,9)| 
o Va (w'—a)(a-t) (x —#) [33] 
t<0 T v= 8 
= (for 0<« =| gman | ; 
8 Va dz 1 
_————— ee I (5898 = h(t 5858) 
» Vs—az(t—2) (2-7) oe [34] 


= (ror 128) Ws - VS | 
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B. A PROOF OF A RESULT USED IN THE DERIVATION OF EQUATION [19] 


It is to be proved that 


We LL dy AY joe aide _ _ Z| ("ae fin | 
Ledee @é de aes 7 p= a -- dt yt(t—l) 


but 


g=[ { i dYy ys drdt 
Le d=e Ge che r—l t r-t 


_ Lp? ( doy eo [y= i t—l = | dt dr 
2 —-c J-¢ dt ar UF set Verh: t t—T 
Lf? ° Gey Gy dt dr 


 Oleke di Ge Ver Goya: 


5 (oe om dt ii 
2 \dke Ge Vit=o) 


C. LISTING OF USEFUL THEORETICAL RESULTS 
The most useful theoretical results are, for convenience, listed below: 


Relationship between Cavitation Number and Cavity Length: 


0 ee 
ee (oes Lae [16] 


Te I dee che y—t 


iw) 


The Cavity Shape: 


Ye (a) = ca a) Wr ie] ee 2 te tar VR a [14b] 


The Cavity Shape for o = 0: 


a _ 2Ve if dy) at aa at, 4 W=e 
== | ae ee = tan Vat [2] 


Approximate Solution for the Maximum Cavity Semi-Thickness: 


US [14d] 


Yo((@) = 
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Cavitation Drag: 


D ° dy, Ve. 21 (Le de 7? 
——— = 2oV1+ —< t+— (1+ —=0 “7 
re ere rr Memon bere gsi) |. 2 
2 “co 
Approximate Solution for Cavitation Drag for Small o: 
ID) = 1D) (har @) [19a] 


Cavitation Drag for o = 0: 


D =2/ ” bi aa 


7 


(23b] 
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